age pests often reach 20%. Over three cycles of recurrent selection, population improvement to develop sources of resistance to the larger grain borer (Prostephanus truncates) and the maize weevil (Sitophilus zeamais) resulted in a new population called Population 84 (P84). The objective of this study was to evaluate the biophysical, phytochemical, and nutraceutical profile changes in P84 derived from three cycles of selection for resistance. Insect resistance parameters were evaluated using bioassay and biophysical, phytochemical, and nutraceutical parameters. Resistance to storage pests increased by two-to threefold after three cycles of selection for maize weevil and larger grain borer, respectively. The major factors related to enhanced resistance are kernel hardness (10% increase) and proportion of pericarp (68% increase) in the kernel. Comparing the phytochemical composition of the pericarp cell wall before and after selection revealed an elevated level of cell wall-bound components (42% increase), including ferulic and diferulic acids (14% and twofold increase, respectively). Increases of 18% in free phenolic acid were found in the endosperm. A significant association between insect resistance with antioxidant activity (r > 0.75) establishes the possibility of seeking increased nutrients beneficial for human health in the same maize germplasm selected for increased insect resistance and stemming from the same compounds. Population 84 is a good source for resistance to postharvest pests with enhanced nutraceutical properties.
cell wall total PhA are associated with beneficial health attributes such as antioxidants (Adom and Liu, 2002; Del Pozo-Insfran et al., 2006) and their release from the cell wall by alkali hydrolysis (Gutiérrez-Uribe et al., 2010 ) is now recognized as an important source of nutraceutical compounds with chemopreventive effects (Rojas-García et al., 2012) . Genetic mapping studies have also been conducted to identify quantitative trait loci (QTL) associated with biochemical bases of resistance in the maize grain. Nine regions have been associated in common between the QTL of insect-resistant traits and cell wall-bound compounds (PhA, phenol amides, extensine, and pericarp traits) in tropical maize (García-Lara et al., 2009 .
Population improvement through recurrent selection is an effective method for manipulating grain composition (Scott et al., 2008) . A source population with multiple storage pest resistance has been developed at CIMMYT by recombining Caribbean accessions with moderate levels of resistance to LGB and MW . Using S 3 intrapopulation improvement, significant gains in resistance have been achieved in improving storage pest resistance in maize while yield-related traits are still maintained with a high level of resistance (Bergvinson, 2001) .
The objective of this study was to evaluate and correlate biophysical, phytochemical, and nutraceutical variants with storage pest resistance in a population derived from three cycles of recurrent selection for improvement of resistance to LGB and MW.
MATERIALS AND METHODS

Population Improvement and Seed Production
Population 84 was established by recombining 19 selected Caribbean accessions from the CIMMYT germplasm bank that possessed moderate resistance to LGB and MW. Recurrent selection by the intrapopulation improvement method based on half-sib family selection was used in this study. In 2001, S 1 progenies (300) were evaluated under artificial infestation with LGB, and the 50 lines that showed the lowest grain weight losses and percent of grain damage above the mean of the 300 half-sib families were selected. In 2002, the selected families were recombined and the first cycle of recurrent selection Pob84C1 was established. In a similar way, Pob84C2 and Pob84C3 were obtained in 2002 and 2003. For each cycle, families were planted in a 5 m row (as female) in an isolated plot. Each family was detasseled, and the male pollinator was a bulk composite line with a high level of insect resistance after evaluation under artificial infestation with LGB together with its agronomic performance as superior lines. Due to contrasts in kernel colors, S3 families were separated into white, yellow, and red-colored kernels using a color scale (Minolta CR-300, Osaka, Japan).
All populations (C0, C1, C2, C3 red, C3 white, C3 yellow) were increased during 2008 at CIMMYT's experiment station at Tlaltizapán, Morelos, Mexico (18°41¢ N lat, 940 masl) and at Agua Fria, Puebla, Mexico (19° N lat, 60 masl). Ears from each replicate were handled separately for use within insect bioassays and biochemical characterization. Ears were sun dried for 2 d in an insecticide-free environment, air dried at 35°C using a forced-air dryer for 3 d, shelled, and stored at 13% grain moisture and 4°C until used in insect bioassays and biochemical assays. Biochemical analysis and insect bioassays were run concurrently.
Insect Pest Culture Bioassays
The culture and insect bioassays were performed in the Entomology Laboratory at CIMMYT headquarters, El Batan, Mexico. The LGB colony was collected in 2003 from Oaxaca, Mexico and renewed every 8 mo, while the MW colony was collected from Agua Fria, Mexico and renewed every 6 mo. Insects were cultured on white maize, single-cross dent hybrid, for four cycles at 27 ± 1°C, 70 ± 5% relative humidity (rh), and 12:12 h cycles of light and dark. Cultures were maintained using the methods described by Bergvinson (2001) .
For insect bioassays, grain was equilibrated for 30 d at 27 ± 1°C and 70 ± 5% rh. Then, three replicates containing 30 g of maize grain were infested with 30 unsexed adult MW or LGB, no older than 7 d. Adults were removed after 1 wk. Infested grain was then stored under controlled conditions (27°C, 70% rh) with a photoperiod of 12:12 h (dark/light). Bioassays ran for 60 and 90 d for LGB and MW, respectively, at which time percent grain weight loss and damaged kernels showing tunneling or emergence holes, number of adult progeny, and flour production were recorded.
Determination of Biophysical Parameters
Kernel hardness was determined using a force displacement meter fitted with a 20-kg load cell and a 1-mm-diameter probe (Tricor Systems Inc., Model 921A, Elgin, IL) as per García-Lara et al. (2004) . Kernel test weight was determined using the Winchester Bushel Meter (Seedburo Equip. Co., Chicago IL) according to method 14-40 of AACC International (2000). Thousand-kernel weight was determined by weighing 100 randomly selected kernels at 13% of grain moisture and multiplying by 10. Endosperm vitreousness was measured by estimating the relative proportion of vitreous endosperm area of 100 cross-section kernels according to Mestres and Matencio (1996) . Kernel hardness was determined on 100-g samples with the floaters test described by Wichser (1961) , in which a sodium nitrate solution of specific gravity (1.25 g cm -3 ) at 35°C is used for floatation. The pericarp, endosperm, germ, and tip cap were manually dissected as described in García-Lara et al. (2004) .
Determination of Phytochemical Compounds and Antioxidant Activity
Grain tissue samples were prepared from three separate replicates generated from 100-kernel samples for each genotype. Studies were conducted using individual tissues (germ, endosperm, and pericarp) separated by hand dissection as previously described . The samples were dried and ground to a fine powder using a cyclone mill fitted with a 1-mm screen. Phytochemical characterization of cell wall components followed the method described by Gutiérrez-Uribe et al. (2010) for total phenolic acids (free and bound),) for ferulic acid (free, bound and soluble-bound), and García-Lara et al. (2004) for selection of P84 in two locations ( Table 1) . Analysis of variance indicated that weevil grain weight losses (GWL), flour production (FP), and adult progeny (AP) showed variation (P < 0.001) and positive selection response among the three cycles of selection and in comparison with a highly susceptible check. All susceptibility parameters were highly correlated (r > 0.9, P < 0.001) to each other for both insects. Resistance to MW pests increased by 1.7-to 2.6-fold depending on the parameter measured and increased fourfold compared with a susceptible single-cross hybrid (Table 1) . A similar trend was observed in LGB where resistance increased by 1.2-to 1.6-fold in parameters within each cycle and threefold compared with the susceptible check. The last cycle of selection was significantly more resistant than cycles 0 and 1. Significant genotype × environment (G × E) interactions were observed for MW GWL, FP, and AP. In contrast, G × E interactions for LGB were not significant. Comparatively, LGB generated more grain damage in terms of GWL and FP (twofold more), with a reduced number of adults (twofold less) due to its different feeding behavior on maize. On the basis of major resistant traits, P84 C3 Red was determined as the most resistant population.
Biophysical Parameters
There were significant changes in the biophysical parameters over cycles of selection of P84. One hundred kernel weight, flotation index, and germ anatomical proportion decreased (15, 40, and 2%, respectively) from C0 to C3. In contrast, kernel hardness, test weight, and vitreous endosperm increased by 10, 2, and 25%, respectively, from C0 to C3 (Table 2) . Kernel insect resistance is best total diferulic acids. Antioxidant (AOX) activity was determined using the oxygen radical absorbance capacity assay of Ou et al. (2001) . Extracts were evaluated against a standard of Trolox with Fluorescein as a probe as described by Ou et al. (2001) . Data were expressed as Trolox equivalents (TE g -1 of dry weight).
Statistical Analysis
Data were subjected to analysis of variance using the statistical software Statistix v.8 (Analytical Software, Tallahassee, FL) and differences among means were compared by the LSD test at p = 0.05. Correlation analyses were performed among biophysical, phytochemical, and nutraceutical parameters at different levels of p value. Observations were paired on the same sample of grain from each of the six populations in each of the two locations grown. Breeding effects were estimated as the genetic gain for the trait under study according to Luque et al. (2006) . Genetic gain was computed for each experimental year as the response of the trait.
RESULTS
IntraPopulation Improvement
Changes during three cycles of S 3 recurrent selection under artificial infestation with MW or LGB were studied and later referenced with a highly susceptible commercial hybrid (CML244X346) ( Table 1) . During recurrent selection, grain color was converted from a mixture found in accessions into uniform grain color populations: redmixed, white, and yellow. Fixed color populations ( Fig. 1 ) are important to facilitate their use in National Agricultural Research breeding programs.
Insect Bioassay Data
An important variation in maize resistance parameters to MW and LGB was observed through three cycles of explained by a significant increase in the pericarp proportion of the kernel, increasing 68% over cycles of selection. Kernel hardness was positively correlated with endosperm texture and negatively correlated with flotation index (r > 0.8, P < 0.001). On the basis of major biophysical traits, P84 C3 Red was determined as the most resistant population. Significant G × E interactions were observed only for kernel hardness and flotation index.
Phytochemical Composition
Free total PhAs, bound PhAs, free ferulic acid (FA), bound FA, soluble-bound FA, and total diferulic acids (DiFAs) endosperm and 28% in germ. Positive selection response was found for free PhAs with an increase of 35% in pericarp, 12% in endosperm, and 22% in the germ from C0 to C3. A similar response was found for bound PhAs with a concentration increase of 13% in pericarp, 28% in endosperm, and 13% in the germ. However, quantification of phenolic acids by anatomical seed fractions increased compared with whole grain by twofold for free compounds and 10-fold for bound compounds. Major concentrations of free PhAs were observed in the endosperm of P84 C1; meanwhile, bound phenolic acids were concentrated in the pericarp of P84 C3. In all cases, resistant genotypes had a higher bound PhAs content. There was were quantified in the main kernel structures over three cycles of selection (Tables 3 and 4 ). All phenolic acids showed significant differences in averages (P < 0.01, Table  2 ) and a positive selection response over cycles of selection. There was also a significant difference between susceptible and resistant genotypes (Table 3) . Free total PhAs were present in similar concentrations in kernel structures (36-63 mg of gallic acid by 100 g of dry weight [dw]); however, bound total PhAs were 42-fold more concentrated in the pericarp (4.6 g of gallic acid by 100 g of dw) compared with the endosperm and 18-fold within the germ. Free PhAs represented <1% of total phenolic compounds in the pericarp and whole grain, while 60% in Table 3 . Mean of total phenolic acids for the main kernel structures of different cycles of selection of maize population 84 (P84).
Cycle † Free total phenolics Bound total phenolics no significant relationship between the concentration of free and bound PhAs in the main kernel structures (data not shown). Significant G × E interactions were observed only for PhAs located in the germ. Through cycles of selection, free FAs were present in similar concentrations in kernel structures throughout (1.0 to 3.5 mg); however, bound FAs were 28-fold more concentrated in the pericarp compared with endosperm and 20-fold greater contrasted to the germ (Table  4) . Soluble-bound FA was twofold more concentrated in the endosperm compared with the pericarp and germ. In this case, soluble-bound FA represented <3% of total FA present in the kernel, followed by free FA (19%) and bound FA (77%). A positive selection response was found for free FA, with an increase of 7% in the pericarp and 64% in the endosperm from C0 to C3. A negative selection was observed for the germ, with a 31% reduction. Positive selection response was also found for bound FA, with a concentration increase of 46% in the pericarp, 25% in the endosperm, and 100% in the germ. There was a low significant relationship between the concentration of free, bound, and soluble-bound FA in the main kernel structures (data not shown). Significant G × E interactions were observed only for free ferulic acids located in the pericarp and soluble-bound FA in the endosperm.
Positive selection responses for DiFAs were observed in the pericarp. There was an increase of 46% in the amount of diferulic acids over 3 cycles of selection. Major concentration of DiFA was observed for the pericarp of P84 C3 Yellow (Table 4) .
Antioxidant Activity
Nutraceutical properties measured as AOX activity in three cycles of selection are depicted in Table 5 . Although recurrent section was not directed to improve AOX activity, important changes in AOX activity were observed in both whole kernels and their anatomical structures (Table  5 ). The improvement for AOX capacity was associated with free phenolic fraction in pericarp, endosperm, germ, and the whole grain. Pericarp and germ presented similar free AOX activities but eightfold lower level was observed in the endosperm. For the bound phenolic fraction, over 90% of total AOX capacity was concentrated in the pericarp. Positive indirect selection response in antioxidant activity was observed for all structures and for both free and bound phenolic fractions. In general, AOX activity increased 27% over cycles of selection for free compounds in the major kernel structures and 20% compared with the susceptible commercial check. In comparison with whole grain, AOX activity was 20-fold higher for bound compounds associated with the pericarp. The highest free AOX activity was observed for the pericarp of P84 C3 Red, while for bound AOX activity it was highest in the pericarp of P84 C2. Significant G × E interactions were observed only for free AOX activity located in the pericarp.
Relationship among Phytochemical, Nutraceutical, and Resistance Factors
Combined analysis in cycles of selection was used to establish relationships between resistance and traits measured in the study. Kernel biophysical properties such as test weight and pericarp proportion were negatively correlated with resistance parameters for both MW and LGB (Table 6 ). Positive associations were found between 1000 kernel weight, flotation index, and germ proportions with resistance parameters.
Several phytochemical components were correlated with resistance parameters in both MW and LGB. Free Table 5 . Mean of antioxidant capacity for the main kernel structures of different cycles of selection of maize population 84 (P84). PhAs (in endosperm, germ, and grain), bound PhAs (all structures), free FA (endosperm and grain), bound FA (pericarp, germ, and grain), soluble bound FA (pericarp), and DiFAs (pericarp) were inversely correlated with number of adult progeny, flour production, and grain weight losses. The strongest association was found between bound PhAs in pericarp and germ with resistance parameters (r > 0.85, P < 0.001). Nutraceutical traits correlated with MW and LGB resistance included free and bound AOX activities in all kernel structures. The highest correlations were observed for free AOX activity in grain followed by bound AOX activity in pericarp (r > 0.86, P < 0.001). Association of AOX activity was best explained by the presence of total PhAs compared with FA (data not shown). al., 2005) ; however, this is the first report where recurrent selection is used to improve resistance to LGB. Past studies on cycles of selection studies for lepidopteran pests of maize have reported positive gains in resistance over cycles of selection for fall armyworm, Spodoptera frugiperda (Widstrom et al., 1992) , European corn borer, Ostrinia nubilalis (Bergvinson et al., 1997) , and pink borer, Sesamia nonagrioides (Sandoya et al., 2008 (Sandoya et al., , 2009 ) with gains of roughly 30% per cycle of selection. Our study showed a significant advance of threefold for MW and twofold for LGB over three cycles of selection. This translates to a 100% and 66% improvement per cycle of selection for MW and LGB respectively. Given that the population was developed under artificial selection using MW bioassays, it is understandable why gains in MW resistance were greater given the different adult feeding behaviors on grain pericarp and generation of grain losses Kumar, 2002; Vowotor et al., 2005) . Earlier works have shown that P84 is a good source of resistance due its grain properties associated with higher kernel density Winkler and García-Lara, 2010) . Biophysical grain traits related with resistance include hard, vitreous, and dense kernels. The increased proportion of pericarp and biomechanic properties of maize resistance to MW and LGB is in agreement with several earlier reports ChuckHernández et al., 2013; Dobie, 1977; García-Lara et al., 2004; Tipping et al., 1988) .
DISCUSSION
Phytochemical composition of the maize grain has been recently reassessed due to its biological activity, nutritional implications, and plant-stress interactions (Lopez-Martinez et al., 2011; Rose et al., 2010; Santiago and Malvar, 2010) . In our study, elevated levels of phytochemical cell wall PhAs (total, FA, and DiFA) in kernel structures, mainly pericarp, increased over cycles of postharvest pest resistance selection. Elevated levels of cell wall phenolic compound have been explored as a broadbase resistance mechanism in maize Winkler and García-Lara, 2010) . Cell wall PhAs (total and FA) were ten to fourteen times more concentrated in the pericarp than previously reported for the whole kernel (Adom and Liu, 2002; Arnason et al., 1994) and support the importance of the accuracy of measurement with which these compounds are measured in maize kernels when enrichment of the kernel is the goal. Phenolic acids are generally covalently bound to cell walls by an ester bond with approximately 75% being localized in the aleurone layer and pericarp (Adom and Liu, 2002; De la Parra et al., 2007) . Ferulic acid represented >70% of the cell wall-bound PhAs' content, while DiFA represents 8% and is consistent with the levels observed in the current study. Cross-linkages between heteroxylans through phenolic dimers like DiFA provide a biochemical mechanism for increasing the mechanical strength of cell walls and limit the biodegradation of cell wall polysaccharides (Ishii, 1997) . This complex probably contributes to insect resistance by strengthening the pericarp cell wall, thereby increasing the overall kernel hardness. These results are also consistent with previous reports on the role of diferulates as important maize-resistance factors to corn borers (Bergvinson et al., 1997) , ear rot (Bily et al., 2003) , LGB , and MW (Ayala-Soto et al., 2014; García-Lara et al., 2004) .
A minor role of free PhA in postharvest insect resistance in maize has been reported (Classen et al., 1990; Serratos et al., 1987 Serratos et al., , 1993 ; however, in the current study, high amounts of FA in the endosperm were correlated with postharvest insect resistance. Considering that FA is a precursor of a broad range of complex phenolics such as vanillin and quinones (Dowd and Lagrimini, 1997) , it is possible that not only simple PhAs were extracted in this fraction, but other related compounds such as amides, p-coumaroyl-feruloyl putrescine, diferuloyl putrescine (Burt, 2003) , flavonoids (Sen et al., 1994) , and catalytic products of peroxidase. Further research needs to be done to clarify which compounds are present in P84.
From the nutraceutical viewpoint, AOX activities in maize kernel have been proved before by several studies (Adom and Liu, 2002; Gutiérrez-Uribe et al., 2010; Lee et al., 2010,) . In this study, AOX activity is shown that increases over cycles of selection. Pericarp contained a 20-fold higher AOX capacity compared with the whole kernel. These findings are consistent with the work of Gutiérrez-Uribe et al. (2010) , who detected up to a 40-fold higher free AOX and 190-fold higher bound AOX capacities in nejayote (wastewater of tortilla production) compared with grain. This is the first report in which maize resistance to major postharvest insects is related to the kernel AOX activity, probably related to elevated levels of PhAs. This result could have positive effects on the preparation of new functional foods from these resistant maize varieties. Lopez-Martinez et al. (2011) recently documented biological activity of PhAs and AOX activity against cancer from extracts of white, blue, red, purple (Lopez-Martinez et al., 2011) , and yellow corns (Mendoza-Díaz et al., 2012) .
In summary, significant gains in postharvest pest resistance were achieved in tropical maize populations selected under artificial infestation by LGB and MW. Resistance was related to kernel hardness, pericarp thickness, and elevated levels of cross-linked PhAs. Pericarp proportions in P84 increased 20% over cycles of selection and 30% compared with a commercial hybrid. At the endosperm level, specific free PhAs also increased and are proposed as an additional resistance mechanism against storage pests. There was a significant association between insect resistance and AOX activity. This research also points to the possible use of advanced cycles of P84 to use in developing nutraceutical maize. Lines derived from P84 are now being crossed into locally adapted germplasm in Asia, Latin America, and Africa to reduce storage losses and increase food security for subsistence farmers.
